In Drosophila, differentiation of the epidermis results in a stereotyped array of cells with F-actin-based extensions at their apical face. We identified Ovo/Shavenbaby (Svb) as a transcription factor that governs changes in epidermal cell shape. Svb is required for the formation of apical extensions and cells deficient in svb differentiate a smooth surface. In both the embryo and the adult, we show that Svb is necessary and sufficient for the cells to grow extensions and that the tight regulation of ovo/svb activity is critical for morphogenesis to occur correctly. We establish that Svb triggers early F-actin redistribution and is able to initiate the entire process of cytoskeletal remodelling, thereby defining it as a major regulator of epidermal differentiation. q
Introduction
In addition to the control of cell proliferation and differentiation, metazoan development requires that each cell acquire a proper shape. Cell shape is a function of the specific organisation of microfilaments and microtubules, which give the cell its proper three-dimensional structure. Whereas the coordination of cell morphogenesis is known to involve intricate cell signalling, the molecular mechanisms that link signal transduction to cytoskeletal dynamics remain poorly understood (Peifer and McEwen, 2002) . The embryonic epidermis of Drosophila provides an invaluable model to study cell morphogenesis, since it is composed of a single layer of post-mitotic epithelial cells, which produce a stereotyped pattern of smooth cells interspersed with cells forming apical extensions (trichomes). In the ventral region, robust extensions eventually give rise to large, pigmented hooks, referred to as denticles. From stage 14, the nascent epidermal extensions are supported by conical actin bundles that project from the apical surface, whereas microtubules are arranged perpendicularly to the growing of denticles (Dickinson and Thatcher, 1997) . Morphogenesis of the ventral embryonic epidermis is primarily determined by the action of two major signalling pathways: Wingless (Wg), which specifies the smooth fate (Noordermeer et al., 1992) and the EGF-receptor (DER) pathway, which promotes denticle formation (Szuts et al., 1997) . Although certain members of these signalling pathways (b-catenin, APC) are capable of direct interaction with the cytoskeleton (Peifer and McEwen, 2002) , we have shown that the effect of both Wg and DER pathways on denticle formation is mediated by their antagonistic activity on the transcription of a common target gene (Payre et al., 1999) . This gene, shavenbaby (svb), integrates opposing signals emanating from Wg and DER, which respectively repress and activate svb transcription. This results in the restriction of svb expression to only those cells that will later form denticles. Denticle formation requires svb and the expression of svb in a given embryonic epidermal cell (independently of signalling activities) is sufficient to switch its differentiation from that of a smooth surface to that of an apical extension (Payre et al., 1999) . Consequently, svb is necessary and sufficient for the formation of apical extensions in the ventral epidermis and appears to be a critical mediator of signalling pathways for embryonic epidermal morphogenesis.
The svb locus harbours another genetic function, ovo, which is required for female germline survival and differentiation (Mevel-Ninio et al., 1991) . svb shares most of its coding sequences with ovo, encoding a family of zinc finger transcription factors (Mevel-Ninio et al., 1995) . An early germinal transcript encodes a transcriptional activator, OvoB, responsible for most ovo activity in the female germline (Andrews et al., 2000) . Translation of ovoB mRNA is initiated from a methionine codon located 373 codons after the beginning of the ORF (see Fig. 1 ) (Mevel-Ninio et al., 1996) . Later in oogenesis, an alternative promoter produces ovoA mRNA that only differs from ovoB by the short first exon, whose initiator codon results in the translation of the entire ovo ORF. Compared to OvoB, OvoA thus displays a 381-aa N-terminal extension, which switches its activity towards that of a transcriptional repressor (Andrews et al., 2000) . A sophisticated combination of transcriptional and post-transcriptional controls, has been shown to be critical for ovo activities during ovarian development (Mevel-Ninio et al., 1996; Salles et al., 2002) .
The dual function of ovo/svb for germline and epidermal differentiation has been evolutionarily conserved, at least in part, in mammals. Targeted inactivation of m-ovo1 revealed that this ovo/svb ortholog is required for germline and epidermal differentiation in mice (Dai et al., 1998) . Since other ovo paralogs are also expressed in differentiating germ cells and keratinocytes (Li et al., 2002a) , definitive elucidation of ovo/svb function during mammalian ovo/svb transcripts are drawn with common exons in grey, svb or ovo-specific in black and white, respectively. Protein regions containing activation or repression domains are drawn in green and red, respectively; zf: zinc fingers. svb 107 is a P-element insertion in the first svb intron, 4.8-kb downstream of svb promoters. Grey bars indicate position of in situ probes. The lower panel shows sequences of the coding region of the svb 1s exon. The SalI restriction site assigned to position zero in (Mevel-Ninio et al., 1991) has been renumbered to 20,000 for clarity. (B) Lateral views of 14-15-stage embryos. Wild-type, svb 107 and svb R9 embryos were hybridised with svb-specific 5 0 probe (left) or ovo/svb 3 0 probe (right panels). Although the expression of incomplete mRNA can be detected using the 5 0 probe, the svb 107 mutation specifically disrupts the production of mature ovo/svb mRNAs in the soma. In the svb R9 mutant, no traces of somatic nor germinal (arrowhead) ovo/svb expression are detected. (C) RT-PCR detection of ovo/svb products. The primers used (indicated by arrows on the locus scheme in A) allow discriminating between svb (22b exon) and ovo (þ 2b exon) transcripts, or genomic DNA. development now awaits their inactivation. Interestingly, the existence of alternative promoters, determining the production of overlapping ovo/svb isoforms that differ in the length of their N-terminal end, has recently been documented in both mice and humans (Li et al., 2002a) . In addition, the importance of the regulation of ovo/svb has been underlined by an elegant study on a sibling Drosophila species. Drosophila sechellia larvae display a pattern of dorsal trichomes different from that of Drosophila melanogaster. A genetic scan of the genome revealed that the evolution of svb expression is solely responsible for this morphological divergence (Sucena and Stern, 2000) . These data reinforce the idea that the control of svb expression is critical for patterning the embryonic epidermis and establish that its evolution is a direct cause of morphological diversification. Furthermore, it also demonstrates that, among the numerous genes that could theoretically affect trichome patterning, evolutionary pressure has selected modifications of svb cis-regulatory elements to evolve new profiles of trichome implantation. In addition, svb remains the only identified gene in D. melanogaster that specifically controls trichome formation without affecting upstream segmentation or signalling processes. Therefore, evo and devo data converge to highlight the major integrative role of svb in epidermal differentiation. However, little was known about the molecular and cellular function of svb.
In the presented study, we have determined the molecular structure of the svb gene and its products. This reveals that the somatic function of ovo/svb is due to the activity of a novel protein that possesses a further N-terminal extension and acts as a transcriptional activator. We have generated and molecularly characterised mutations specifically affecting svb and performed a functional analysis of the role of this gene during epidermal morphogenesis. We show that svb is necessary and sufficient to trigger reorganisation of the cytoskeleton that leads to the formation of F-actin-based cell extensions in the embryonic epidermis. Furthermore, we show that the regulation of svb activity is crucial for the formation of apical extensions in different adult tissues and that its expression is sufficient to force the production of ectopic extensions in unrelated smooth cells. All together, this study establishes for the first time that a transcription factor is able to coordinate all the cell-autonomous processes that lead to a reorganisation of F-actin and hence the cellular morphogenesis of epidermis during development.
Results

Molecular characterisation of the complex ovo/svb locus
Previous characterisation of ovo/svb genomic organisation indicated that regions specifically required for svb somatic functions remained to be identified (Garfinkel et al., 1992; Mevel-Ninio et al., 1991) . The Df(1)bi D2 deletion, which disrupts svb without affecting ovo, shows that sequences distal to ovo promoters are required for svb function (Fig. 1A) . We searched for coding regions upstream of ovo and found a single predicted ORF, located 15-kb upstream of ovo promoters. This novel exon (1s) corresponds to the 5 0 -end of an embryonic EST (LD 47350) that also contains ovo/svb exons 2a, 3 and 4, in-frame with ORF1s (Fig. 1A) . Furthermore, when used for in situ hybridisation, exon 1s displays a pattern identical, in somatic tissues, to that of an ovo/svb probe from exons 3 and 4 (Fig. 1B) . Therefore, these data indicate that LD 47350 corresponds to bona fide svb mRNA and that the novel exon contains the 5 0 -end of Svb ORF. Its conceptual translation predicts a 1354-aa protein corresponding to a further N-terminal extension of 129-aa (Fig. 1A) , compared to OvoA (Andrews et al., 2000; Mevel-Ninio et al., 1996) . We have isolated a P-element insertion (Bourbon et al., 2002) , located in the predicted first intron of svb. PL107 mutant embryos display a naked cuticle phenotype and complementation tests established that PL107 specifically disrupts svb without altering ovo (not shown). Consistently, mature svb mRNA is absent from PL107 embryos whereas ovo is expressed normally in the gonads (Fig. 1B,C) . Precise excisions of the PL107 element restore viability and suppress the mutant phenotypes, whereas a deletion resulting from imprecise excision complements neither svb, nor ovo mutations. This mutant allele (ovo/ svb R9 ) appears as a molecularly null and abolishes both svb and ovo transcripts (Fig. 1C) . Taken together, these results provide the first molecular elucidation of the complex organisation of the ovo/svb locus and the identification of corresponding products. These data demonstrate that svb corresponds to a somatic-specific promoter, located 15-kb upstream of the ovo germline promoters, and that it codes for a novel protein isoform containing an additional Nterminal region.
svb determines epidermal cell morphology in the embryo via reorganisation of the actin cytoskeleton
The presence of the OvoA repressor domain in the predicted Svb protein was unexpected, since the ectopic expression of Ovo proteins containing this domain, or the engrailed repressor domain, produce a dominant-negative (naked) phenotype in the soma (Andrews et al., 2000) . We therefore asked whether the svb-specific cDNA we identified was able to carry out svb function in the epidermis.
Expression of this cDNA rescues denticles in svb mutants and it promotes the formation of ectopic denticles when directed to smooth cells (Fig. 2a -c and data not shown). These results show that the predicted protein is responsible for svb function and, as similar results are observed when driving the OvoB germinal transactivator in the epidermis, they strongly suggest that Svb acts as a transcriptional activator for denticle formation. F-actin reorganisation precedes the first signs of morphological changes (Dickinson and Thatcher, 1997) , in each epidermal cell that will form a denticle (Fig. 2d) . To assay svb function in these early steps of denticle production, we examined the consequences of svb loss-and gain-of-function on the distribution of F-Actin. Inactivation of svb prevents the characteristic apical bundling of F-actin ( Fig. 2e) , indicating that the gene is required for initial reorganisation of the cytoskeleton. Supporting this interpretation, ectopic svb expression is sufficient to trigger actin bundling in cells that normally present a smooth surface (Fig. 2f) . Interestingly, svb appears specifically involved in the formation of apical extension, since svb alterations (mutations or misexpression) do not alter: (i) the distribution of F-actin at the cell contour; and (ii) or the apical -basal polarity of the cells, as observed using markers of adherens junctions (not shown). The accumulation of dAPC2 (a member of the Wg pathway) at the base of apical actin bundles (Fig. 2g ) suggested a role of dAPC2 in denticle formation (McCartney et al., 1999) . To determine whether a novel functional link existed between svb and the Wg pathway, we examined the subcellular distribution of dAPC2 in different svb contexts. The apical accumulation of dAPC2 in the six rows of wild-type cells receiving weak, or no, Wg signalling, is absent in svb mutant embryos (Fig. 2h) . Moreover, ectopic expression of svb in cells subjected to high Wg signalling is sufficient to trigger dAPC2 accumulation at the base of svb-induced neoextensions (Fig. 2i) . Together, these data indicate that svb determines denticle formation by promoting the reorganisation of the actin cytoskeleton. It includes the targeting of dAPC2 to the base of actin bundles, a process that therefore appears to be only indirectly linked to the activity of the Wg pathway.
svb controls cell shape in the adult
The decisive role of svb in the control of cell shape in embryonic epidermis raised the possibility that svb acts as a general regulator of epidermal cell morphogenesis. In Drosophila, the embryonic epidermis is ultimately replaced by adult epidermis, which differentiates trichomes that differ in length and shape between adult body parts, such as the scutum (Fig. 3a,b) , scutellum ( Fig. 3c,d ) and wing ( Fig. 3e,f) . Because svb is expressed during the morphogenesis of adult epidermis (data not shown), we examined the consequences of svb mutations on the formation of the different adult trichomes. In the rare svb PL107 male Fig. 2 . ovo/svb is required for actin reorganisation in the embryo. Ventral views of abdominal A3 or A4 segment, anterior at left. (a) wild-type, (b) svb mutants display only naked cuticle and sparse atrophied denticles. Patched-Gal4 was used to drive the expression of svb cDNA in two cell rows (arrows) that normally form naked cuticle. In those cells, svb expression is sufficient to induce the formation of trichomes (c). F-actin distribution in stage-15 embryos. In wild-type, cells that will give rise to denticles display F-actin bundling at their apical surface (d). svb mutant embryos show no sign of apical F-actin bundling (e), whereas ectopic expression of svb leads to de novo formation of actin bundles (f). g-i: Immunodetection of the dAPC2 protein (apical focus). dAPC2 accumulation at the base of each extension in the wild-type (g) is lost in svb mutant embryos (h). Patched-Gal4 driven expression of svb causes relocalisation of dAPC2 at the base of ectopic extensions (i).
escapers, trichomes are often replaced by large naked regions and sparse atrophied trichomes, both in thorax and wing (Fig. 3b, d, f) . Mutations in svb also affect the arista, the distal segment of the antenna that is of epidermal origin (He and Adler, 2001) . During morphogenesis of wild-type aristae, cytoskeletal reorganisation produces lateral cell extensions (He and Adler, 2001 ) that project out from individual cells of the central core (Fig. 3g) . In svb mutants, the central core is slightly shorter and laterals either fail to form or are strongly reduced in size (Fig. 3h) . These data indicate that svb is required for the differentiation of adult epidermis, a conclusion further supported by the results of the clonal analysis that we performed next. In the pigmented regions of the body, where the yellow marker enables cuticle from mutant cells to be visualised, we confirmed that svb mutations affect trichome formation. The svb 107 hypomorphic mutation causes reduction of trichome density whereas svb 1 and the svb R9 null mutant abolish trichome formation both in the abdomen and the thorax (Fig. 4a,b) . In the same vein, thoracic microchaetes are gradually affected in the different svb mutants analysed, the phenotype increasing with the strength of the allele. Compared to control clones, microchaetes are reduced in length by 23% in clones homozygous for the svb 107 allele and by 33% in svb 1 or svb R9 mutant clones. All together, these data indicate that svb is required for adult cell morphogenesis, where it is involved in the formation of the different kinds of extensions characteristic of the exoskeleton. These results extend our previous findings that svb specifies the formation of embryonic denticles and establish that svb is a central player in epidermal morphogenesis.
Regulation of ovo/svb expression is critical for the formation of cell extensions
A tight control of the expression of the various ovo/svb isoforms is required for normal differentiation of both the female germline and embryonic epidermis (Mevel-Ninio et al., 1996) . We thus evaluated the consequences of deregulating the expression of ovo/svb isoforms in adult tissues sensitive to svb mutations. We used the ms1096-GAL4-driver to express the corresponding ovo/svb cDNAs in the wing and parts of the notum. Compared to the wild type (Fig. 5a) , expression of the OvoA repressor strongly reduces trichome density in the thorax (Fig. 5b) . Moreover, microchaete shafts fail to extend and present an abortive morphology. Conversely, expression of the OvoB activator increases the density of thoracic trichomes (Fig. 5c,d ). We also examined the consequences of ectopic expression of ovo/svb in the adult wing, which normally extends long hairs (Fig. 5e) . Expression of OvoA prevents wing hair formation and the wing displays a naked surface (Fig. 5f) , Fig. 4 . svb mutations affect the formation of adult cell extensions. Mosaic clones mutant for svb R9 in the abdomen (a) or notum (b) of adult flies. In mutant clones (marked with yellow, lighter colour), svb inactivation results in the absence of trichomes in the thorax, and to the absence, or sparse organisation of remaining extensions, in the abdomen. Microchaetes mutant for svb are reduced in size, both in the thorax or the abdomen. In the notum, size measurements (in a Stubble background) were: : 43.9 þ/2 4.8 mm (n ¼ 40 in all cases). Fig. 3 . ovo/svb is required for adult epidermal morphogenesis. Scanning electron micrographs of epidermal adult structures. Wild-type cuticle displays different kinds of trichomes that differ in length and shape, between the scutum (a), the scutellum (c) and the wing (e). In svb 107 mutant escapers, these three types of trichomes are replaced by large naked regions in the thorax (b, d) and in the wing (f). In the wild-type, the central core of the arista extends 8/11 long lateral extensions (g). In svb 107 mutants (h), most laterals are lost (average number of 3,6 long laterals per mutant arista, n ¼ 18) and the remaining ones are reduced in size (61% of the wild type size). Bar is 5mm. a phenotype reminiscent of svb loss-of-function. In contrast, overexpression of Svb increases adult wing hair length and density (Fig. 5g) . OvoB expression causes a further increase in the number of wing hairs, leading to a spectacular hairy phenotype (Fig. 5h) . That formation of wing hairs is dependent upon a precise dosage of svb activity is also supported by the fact that they are reduced in size, or absent, in several regions of wings in females heterozygous for svb mutations (not shown). Together, these data show that expression of the ovo/svb products must be tightly regulated for a correct morphogenesis of the epidermis and that the level of Svb activity is critical for wing hair formation.
svb is able to initiate cytoskeletal reorganisation during adult hair formation
Adult wing hairs are derived from pupal prehairs that form during metamorphosis (at 30 -36 h APF at 25 8C). At this stage, each cell is hexagonal and organises an apical actin bundle at the distal-most vertex, producing a single prehair that points distally (Fig. 6a) . To determine the consequences of svb alterations at the cellular level, we examined F-actin in pupal wings expressing the different ovo/svb isoforms.
OvoA expression prevents apical actin bundling; under these conditions, F-actin only accumulates at the periphery of epidermal cells (Fig. 6b) . Conversely, expression of either Svb or OvoB leads to the formation of longer F-actin prehairs, as well as apparition of supernumerary prehairs (Fig. 6c,d ). This attains a dramatic phenotype with OvoB, where several (up to eight) ectopic actin prehairs can be observed in a single cell. Interestingly, ectopic prehairs retain a normal distal-most location and orientation (Fig. 6c,d) . Moreover, similar results are obtained in small overexpression clones marked with GFP (Pignoni and Zipursky, 1997) in different body parts, confirming that excessive ovo/svb activity leads to ectopic actin-rich extensions, in a cell-autonomous manner, in various epidermal tissues.
To determine the effects of deregulating ovo/svb activity throughout the different steps of wing hair formation, we induced clones that express ovo/svb isoforms at different times after puparium formation (APF). When clones are induced up to 8 h APF, OvoB expression induces both multiple and longer prehair phenotypes (Fig. 6e) . When induced later in post-mitotic individual cells, OvoB expression results in the formation of longer prehairs, up to 14 h APF in the intervein domain (Fig. 6f ) and up to 18 h APF in the veins. These clones eventually give rise to longer and multiple adult wing hairs, which can be observed in newly eclosed flies that still allow the visualisation of GFP. Similar experiments with OvoA, in which clones induced up to 18 h APF prevent prehair formation, confirm that svb function is required late in epidermal differentiation (Fig. 6g,  h ). Polarised distribution of members of the planar polarity pathway have been shown to be a prerequisite for wing hair formation (Adler, 2002) . Examination of the distribution of Fmi, an unconventional cadherin involved in planar polarity, confirmed that ovo/svb alterations do not affect these early steps of epidermal morphogenesis (Fig. 6f 0 -h 00 ). Clones of epidermal cells expressing OvoA or OvoB display an unaffected polarised distribution of Fmi, when compared to wild-type neighbouring cells (Fig. 6f 0 -h 00 ). Together, these data show that svb is required for the cell-autonomous reorganisation of the cytoskeleton for prehair formation. In addition, the precise, quantitative and qualitative regulation of ovo/svb activity is decisive for the determination of the shape and the number of wing hairs.
svb can induce extensions in eye cells
Given that svb displays a general function in determining cell shape through cytoskeleton reorganisation, we then asked whether ovo/svb expression was able to modify the shape of cells that normally do not form extensions. We thus examined the effects of OvoB or OvoA expression in the adult eye. The wild-type eye displays a regular arrangement of hexagonal ommatidia that are interspersed with sensory bristles (Fig. 7a) . The smooth surface of each ommatidium is composed of the corneal lens, a chitinous extracellular secretion from the underlying cone and primary pigment cells. In addition to a reduction in eye size, expression of the OvoA repressor disrupts ommatidial organisation and prevents the formation of bristles (Fig. 7b) . GMR-Gal4-driven expression of OvoB also dramatically alters eye morphology. Inter-ommatidial bristles are sparser than in wild-type and surface of ommatidia is studded with a dense array of ectopic extensions, which are reminiscent of epidermis-derived exoskeletal extensions (Fig. 7c) . Overexpression of the Svb isoform impairs bristle formation and also gives rise to the formation of ectopic extensions, albeit to a weaker extent in this case (Fig. 7d) . These data show that ovo/svb is sufficient to trigger the formation of epidermal-like extensions in cells that Fig. 6 . ovo/svb acts on an early modification of the cytoskeleton required for wing cell morphogenesis. Pupal wings dissected 32-36 h APF were stained for Factin (red), Fmi protein (blue) and flp-out experiments in which the cDNA of interest is randomly expressed in some cell clones are visualised by GFP (green). (a) In the wild-type, a single prehair emerges from the distal vertex of each epidermal cell. (b) Expression of OvoA driven by ms1096-GAL4 prevents wing hair formation. Conversely, expression of Svb (c) and OvoB (d) enhances hair formation, leading to the growth of several prehair in each cell. Expression of OvoB leads, cell autonomously, to the formation of several large prehairs in each cell. When OvoB is expressed up to 8 h APF, it results in increased number (44% of the cells) and length (53%, n ¼ 101) of prehairs (e). This latter phenotype is observed for heat-shocks induced up to 14 h APF (f). Expression of OvoA induced at 8 h prevents actin prehair formation (78% of examined clones) or strongly reduces the length of prehairs (13% of the clones, n ¼ 72) (g). Expression of OvoA until 18 h APF impairs prehair formation (h). Distribution of the Fmi protein is not altered in clones expressing either OvoB (f 0 , f 00 ) or OvoA (h 0 , h 00 ). Fmi staining (in white) corresponds to pupal wings where F-actin distribution is shown in f and h, respectively.
normally display a naked surface. Given the effects of ovo/ svb on actin organisation in epidermal cells, we analysed consequences of ovo/svb overexpression during photoreceptor differentiation, a process that leads to the formation of a stack of photosensitive actin-rich microvilli, the rhabdomere. During late pupal development, F-actin staining reveals the characteristic pattern of seven distinct rhabdomeres of a wild type ommatidium (Wolff and Ready, 1993) , with an asymmetric trapezoidal organisation (Fig. 7e) .
GMR-Gal4-driven expression of OvoB or Svb disrupts this regular organisation and gives rise to aberrant actin-rich structures, that we interpret as being abnormal and apparently fused rhabdomeres (Fig. 7f) . These data show that ectopic Ovo/Svb expression in photoreceptors is capable to modify actin organisation in non-epidermal cells and strongly suggest that ovo/svb-induced phenotypes result from cytoskeletal modifications.
Discussion
In the germline, alternative ovo promoters control the synthesis of OvoA and OvoB, two protein isoforms with identical DNA-binding domains and different N-termini, which endow OvoA and OvoB with antagonistic transcriptional activities (Andrews et al., 2000) . We show here that the somatic svb function corresponds to a separate promoter, which generates mRNA that differs from ovo transcripts only by its first exon. The predicted Svb protein is thus identical to OvoA, except for an additional N-terminal extension. Svb acts in a similar way to the OvoB transcriptional activator. Indeed, either Svb or OvoB can promote formation of embryonic denticles or wing hairs, whereas the OvoA repressor behaves as a dominantnegative form in the soma. Compared to Svb, OvoB misexpression produces even stronger phenotypes, probably reflecting the activity of the 2b extension, a germlinespecific protein domain believed to increase protein stability (Salles et al., 2002) . Together, these data indicate that Svb acts as a transcriptional activator in the soma. Therefore, we propose that the alternative use of three ovo/svb promoters and AUGs leads to progressive addition of N-terminal extensions to the same activator protein module (OvoB), which turns it first into a repressor (OvoA) and then again into an activator (Svb). While it does not present similarity with known protein domains, the region specific to the predicted Svb protein does, however, display strong sequence conservation between distant insect species (data not shown). How this protein region could be able to restore activator function remains to be elucidated.
In addition to the production of different isoforms, one critical feature of ovo/svb resides in the exquisite regulation of its expression. We have previously shown that embryonic epidermal morphogenesis depends on the transcriptional status of svb, which is controlled by Wg and DER signalling pathways (Payre et al., 1999) . Spatial control of svb expression is thus decisive for proper epidermal differentiation in the embryo. Confirming this conclusion, the evolution of svb expression has been shown to account for the morphological diversity in trichome patterns observed between insect species (Khila et al., 2003; Sucena et al., in press; Sucena and Stern, 2000) . Our analysis of Svb function during adult morphogenesis now provides evidences that svb expression must also be tightly regulated in quantitative and temporal terms. Fig. 7 . ovo/svb expression can promote formation of cytoplasmic extensions when directed in the eye. Scanning electron micrographs of adult eyes at high magnification. (a) The wild-type eye is composed of a regular arrangement of ommatidia and interommatidial sensory bristles. Expression of OvoA using the GMR-GAL4-driver results in a diminution of the size of the eye, with ommatidial fusion and absence of bristle (b). Expression of OvoB disrupts the regular ommatidial structure and triggers the formation of ectopic cuticular extensions at the eye surface (c). Bristle formation is also affected. Svb overexpression leads to similar results, with smaller ectopic extensions (d). (e, f) Eyes were dissected at 96% of pupal development and stained for F-actin. The regular arrangement of actin-rich rhabdomeres from the seven photoreceptors observed in a wild-type ommatidium (e) is disrupted in eyes expressing OvoB from the GMR-Gal4 driver (f). OvoB expression leads to a strong increase of F-actin in rhabdomeres, which appear amalgamated in an highly abnormal structure.
Svb thus appears to be a major player during epidermal differentiation, specifying in a cell-autonomous fashion, from the embryo to the adult, cytoskeletal reorganisation. Interestingly, a mouse ortholog, m-ovo1, has also been demonstrated to play a role in epidermal differentiation (Dai et al., 1998) . Although epidermal differentiation in fly and mammals involves different morphological processes, molecular analysis pleads in favour of the evolutionary conservation of several mechanisms. In addition to the dependence on ovo/svb, as in Drosophila, criss-cross interplay between Wnt and hedgehog pathways organises vertebrate epidermal differentiation, including formation of hairs and feathers (Fuchs et al., 2001 ). b-Catenin-dependent regulation of ovo/svb transcription by the Wnt pathway is also conserved in mammals (Li et al., 2002b) . Furthermore, recent findings have shown the importance of F-actin dynamics for epidermal morphogenesis in mice (Vaezi et al., 2002; Vasioukhin et al., 2000) . A major challenge remains in the elucidation of the mechanisms whereby regulation of svb activity results in cytoskeleton reorganisation in these different model systems.
Svb, a mediator of Wg action on the cytoskeleton in the embryonic epidermis
During embryonic epidermal morphogenesis, Wg activity results in cells adopting a smooth apical surface, suggesting a direct effect of the Wg pathway on cytoskeletal remodelling. Consistent with this interpretation, dAPC-1 and dAPC-2, two paralogous proteins, which display overlapping roles in the down regulation of Wg signalling (Ahmed et al., 2002; Akong et al., 2002a) through shuttling between nucleus and cytoplasm (Bienz, 2002) , associate with the cytoskeleton in different cell contexts. In the epidermis, dAPC-2 (E-APC) localises at the basis of actin bundles that support cell extensions (McCartney et al., 1999) . Since dAPC2 mutant embryos lack ventral denticles (McCartney et al., 1999) , dAPC2 was suggested to be a direct effector of Wg on cytoskeleton dynamics. However, we show here that svb is the determinant of cytoskeletal reorganisation that leads to F-actin bundling during epidermal morphogenesis. Furthermore, Svb expression is necessary and sufficient (regardless to Wg activity) to localise dAPC-2 protein at the base of the apical actin-rich extensions. This shows that dAPC-2 is not primarily directed to actin bundles through Wg signalling. It also strongly suggests that the loss of denticles in dAPC2 embryos results from overactivity of the Wg pathway, which represses svb transcription. This interpretation is further supported by the fact that, as in case of ectopic activation of Wg signalling, dAPC2 mutations do not prevent formation of dorsal trichomes (McCartney et al., 1999) , which is dependent upon svb activity. Thus, dAPC2 and svb display two distinct functional interactions during denticle morphogenesis. First, cytoplasmic dAPC2 acts to inhibit the signalling activity of b-catenin that represses svb transcription. Second, when svb is expressed in epidermal cells, svb activity triggers F-actin bundling and redirects a pool of dAPC2 protein to the base of microfilament bundles. These data demonstrate that, rather than acting directly on F-actin dynamics, the Wg pathway acts through a b-catenin/ TCF-dependent signalling pathway culminating, in the nucleus, in the regulation of svb transcription during epidermal morphogenesis. A growing number of evidences also support that APC proteins have Wnt independent roles in cytoskeletal regulation during the Drosophila development, such as spindle anchoring in syncytial embryos (McCartney et al., 2001) , cell adhesion (Hamada and Bienz, 2002; Townsley and Bienz, 2000) , and larval brain development (Akong et al., 2002b) . Further elucidation of a putative Wg-independent function of dAPC2 in F-actin dynamics during epidermal differentiation now awaits uncoupling of its signalling activity from its association with the cytoskeleton.
Svb controls adult hair formation
In addition to its role in embryogenesis, svb is also involved in the formation of the various apical cell extensions that develop during the differentiation of adult epidermis. Inactivation of svb, through specific mutations or misexpression of the OvoA repressor that acts as a dominant-negative form, prevents hair and trichome formation, resulting in cell displaying an abnormal smooth apical surface. Moreover, the level of svb activity must be finely regulated to achieve a correct epidermal differentiation, since the reduction to half the dose of svb (hemizygous conditions) leads to shorter and sparser wing hairs whereas increasing svb activity results in longer wing hairs. That increased, or longer, svb expression increases in turn the length of wing hairs suggests that svb is not only required for the initiation, but also that it is involved in the growth of wing prehairs. Furthermore, when svb overexpression is induced at early stages of wing development, it results in the formation of numerous ectopic prehairs per cell. It has recently been shown that mutations that lead to the formation of giant wing cells, with a high polyploidy presumably resulting from cell fusion or abnormal divisions, display multiple hairs (Adler et al., 2000) . In the case of svb, multiple hairs are seen even in small clones of cells (2/4) overexpressing svb, thus suggesting that the formation of ectopic hairs in these cells occurred via a different mechanism. Aside their role in planar cell polarity (PCP), which determines that prehair points towards the distal part of the wing, members of the frizzled(fz) pathway participate in the specification of the site of actin bundling in developing wing cells. Activation of the Fz cascade results in the polarised localisation of Fz itself, Dsh (Axelrod, 2001 ) and the unconventional cadherin Starry night/Flamingo (Stan/ Fmi) (Chae et al., 1999; Usui et al., 1999) . Inactivation of PCP members abolish polarised accumulation of Fz, Dsh and Stan/Fmi, leading to the formation of randomly oriented, centrally positioned F-actin prehairs (Adler, 2002) .
Interestingly, mutations of dsh, as well as a reduced activity of the downstream member rhoA (Strutt et al., 1997) , lead to some duplicated prehairs, with a random orientation. By contrast, svb gain-of-function does not alter prehair polarity and svb-induced ectopic prehairs retain a distal location and polarity. Accordingly, neither inactivation nor overactivity of svb disrupts these early phases of PCP, since the polarised localisation of Fmi at the distal edge is not affected by alterations of svb. We propose a model in which the Fz cascade acts first to establish spatial coordinates and asymmetrical organisation of the cytoskeleton (Strutt and Strutt, 2002) . The cellular location where svb promotes cell extension is determined by polarity cues. When svb overactivity is induced early, presumably before the definitive restriction of F-actin bundling to a single point (Adler, 2002) , it leads to the production of numerous prehairs. Then, when the sophisticated mechanisms of single-hair restriction are set up, svb overactivity induces longer prehairs. Further analysis of the relationships between svb and downstream members of the PCP pathway is underway.
3.3. Wing morphogenesis, a novel paradigm for actin-based cell shape changes during development Drosophila wing hair formation constitutes a powerful genetic system in which to analyse actin-based morphogenesis and a major challenge is to understand what triggers the growth of F-actin prehairs. Although loss-of-function mutations in dozens of genes lead to duplicated and/or split hair phenotypes (Adler, 2002) , to our knowledge no genes other than svb have been identified genetically as being required for growth of wing hairs (aside shavenoid (Nusslein-Volhard et al., 1984) , a mutation not yet molecularly characterised). Several conclusions can thus be drawn from these data. First, most genes identified so far are likely to act in the spatial and temporal restriction of the initiation of actin bundling in the PCP pathway (Lee and Adler, 2002) . The complex interactions among components of the PCP pathway make each member indispensable, thus facilitating its phenotypic identification. Second, actin reorganisation during wing hair formation appears to involve players different from those identified for the motility of Acanthamoeba or bacterial pathogens (Cossart, 2000) . While dominant-negative forms of Cdc42 and Rac alter wing hair formation (Eaton et al., 1995 (Eaton et al., , 1996 , these findings were not supported by genetic analysis. Cells deprived of the three Drosophila Rac proteins (Rac1, 2 and Mtl) form wild-type hairs (Hakeda-Suzuki et al., 2002) , and those mutant for cdc42 were reported to die (Genova et al., 2000) . In addition, mediators of the action of Cdc42 on actin reorganisation, such as Scar or Arp2/3 subunits are not required for wing hair formation Zallen et al., 2002) . This favours the hypothesis that actin dynamics occurring during relatively slow developmental processes are based on hitherto unknown mechanisms. Third, the rarity of mutations that prevent wing hair formation may be due to the fact that this process requires the action of numerous genes, the absence of any one being either dispensable, or resulting in subtle phenotypes that can only be detected at a sophisticated level of analysis. Interestingly, although Profilin and Slingshot are two proteins that are essential for the control of actin polymerisation/depolymerisation (Loisel et al., 1999) , mutations in both genes alter the final shape of trichomes but do not prevent their formation (Niwa et al., 2002; Verheyen and Cooley, 1994) .
Several lines of evidence suggest that svb can coordinate the expression of the set of genes needed to achieve the formation of actin-based apical cell extensions. svb is required for hair formation in the various tissues analysed and the extension growth is dependent on the level of svb activity. In addition, ectopic expression of svb can trigger the formation of apical extensions in cells that normally present a smooth surface in both the embryo and adult. This would imply that, in spite of their differences in morphology, the different extensions affected by svb mutations are formed, at least in part, via similar mechanisms. Supporting this prediction, svb is involved both in arista lateral and bristle formation, two structures that display ultra-structural similarities, with separate bundles of parallel microfilaments supporting the cell extension (He and Adler, 2001) . Moreover, recent work on arista morphogenesis has demonstrated that formation of laterals requires many players involved in wing hair formation (He and Adler, 2002b) , including components of the Fz pathway (He and Adler, 2002a) . Finally, that several mutations affecting either adult trichome or bristle morphology also alter the shape of embryonic trichomes (Dickinson and Thatcher, 1997) further supports the idea that many functional links exists between these processes. In conclusion, our study provides the demonstration of the coordinating role of the Svb transcription factor in the formation of F-Actin-rich apical extensions during development. Its analysis might provide an invaluable entry point to an understanding of Factin dynamics during developmental morphogenesis.
Experimental procedures
Drosophila stocks
The svb R9 allele was generated by imprecise excision of the svb 107 insertion (Bourbon et al., 2002) . svb male escapers display poor viability but remain fertile and they were successfully used for complementation analysis. svb stocks were balanced with FM0, or FM7-Ftz-LacZ and FM7-KrGAL4,UASGFP (selection of live mutant embryos for RNA preparation). UAS-svb was constructed by cloning LD49350 cDNA in CasPeR-4 vector. Other stocks were UAS-ovo D1 , UAS-ovo 835 , ms1096-GAL4, patched-GAL4 and GMR-GAL4. The strains used for Flip-out experiments were tub-FRT-GAL4, UAS-GFP/UAS-ovo/svb; hsFlp86E/ TM6Tb. Experiments were performed at 25 or 28 8C to optimise gene expression from the GAL4/UAS system.
Mosaic analysis
Homozygous clones for svb mutations were induced via FLP -FRT recombination, during the second and third instar larvae. Clones were made using svb R9 , svb 107 and svb 1 alleles. svb stocks used were y,w,svb,FRT101/FM0 crossed with w,FRT101; MKRS,hsFLP86E/TM6Tb. For Flip-out experiments, heat shock was induced for 20 min at 37 8C from 4 to 25 h APF. Pupal thorax and wings were dissected, fixed in 4% paraformaldehyde 1 £ PBS, and stained for actin and/or antibodies. Anti-Fmi (gift from T. Uemura) was used at 1/10 and revealed using a Cy5 secondary antibody (Jackson).
RT-PCR experiments
Total mRNA was extracted from 80 hand selected svb 107 , svb R9 or wt embryos. Reverse transcription was performed with SuperscriptII (InvitroGene) using an ovo-specific primer followed by PCR, using primers located on both sides of intron4.
Embryo staining
In situ hybridisation was performed using standard procedures. Actin staining was performed with Rhodamine-Phalloidin (Sigma) in PBS 0.05% Tween20 for 1 h at room temperature. For immunostaining, embryos were fixed in 4% paraformaldehyde/heptane (1/1) and devitellinised in 80% ethanol for subsequent actin staining. Embryos were incubated with rabbit anti-APC2 antibody (kindly provided by M. Bienz) 1:10,000 over night at 4 8C and Alexafluor488 anti-rabbit antibody (Molecular Probes). Samples were mounted in Vectashield (Vectorlab).
Microscopy
For scanning electron microscopy, adults flies were washed three times in absolute ethanol, and incubated in Hexamethyldisilazane for 10 min. Gold plated samples were observed with a HITACHI scanning electronic microscope. A Zeiss Axiophot microscope equipped with phase contrast optics (63 £ , 1,4 na) was used for cuticle observations. Images of fluorescent samples were recorded using LEICA TSC-SP2 or Zeiss 410 confocal microscopes.
